In the present work the air/acetylene flame atomic absorption spectrometry was used for bismuth determination in complex oxides. Interference studies were carried out, and interference with vanadium and molybdenum was detected. The method of standard additions and traditional calibration curve method were used. Calibration and standard addition curves were fitted with linear and polynomial functions. It was shown that using polynomial function gives better results for the standard additions method for determination of bismuth by acetylene/air flame atomic absorption spectrometry. The calibration curve method was shown to be correct at low (< 10 mg/L) concentration of an interferent.
Introduction
Bismuth-containing complex oxides show excellent ionic-conductive, ferroelectric, catalytic and photocatalytic properties [1] [2] [3] [4] [5] . They also exhibit piezoelectric, electro-optic, elasto-optic, photoconductive and multiferroic characteristics [6] [7] [8] . At the same time, bismuth oxidebased compounds are relatively cheap and, therefore, they have a lot of potential applications. Traditional method of synthesis of the Bi-containing complex oxides is conventional solid-state technology, when stoichiometric amounts of precursors are mixed and heated at 500-1000 °C for a few dozens of hours. If this process is carried out in open crucibles or initial temperatures of annealing are too high, then partial evaporation of bismuth can take place. As a result, a changing of composition and of main properties of complex oxide can be observed. And that is why solid oxide composition is ordinarily controlled by various types of spectral or chemical analyses.
The samples of Bi-containing complex oxides have several features. Firstly, they often include three, four or more metals, which can lead to aliasing errors or problems of sample separation. Secondly, the concentration of Bi is relatively high and no concentrating techniques are need-ed. And thirdly, numerous methods require dissolution of the samples in concentrated mineral acids, which can influence the analytical signal. Analytical techniques of determination of low concentrations of Bi in solid matrices were described earlier [9] . A variety of analytical techniques of Bi determination includes spectrophotometric [10] [11] , electro analytical methods [12] , solid phase extraction [13] and cloud point extraction [14] methods. All of these methods are quite sensitive, but all of them require separating the sample from other metals and concentrating of bismuth.
Atomic absorption spectrometry (AAS) is also widely used for determination of Bi [13, [15] [16] [17] . Although electrothermal AAS (ETAAS) and inductively-coupled plasma mass spectrometry offer high sensitivity, the costs related to the instrument and the consumables are relatively high [17] . Hydride generation coupled with AAS (HG-AAS) is also a very well established sensitive technique for Bi determination [16] , but it also necessitates expensive equipment.
Flame AAS (FAAS) can be used as an alternative technique for determination of Bi. In many laboratories, FAAS is still commonly used as a preferred technique for its simplicity and low-cost operation. Using of additional oxidizer (for example, N 2 O) or atom traps (for example, slotted quartz tube on top of the flame atomizer) leads to the increase in sensitivity of FAAS [17] . Equipment manufacturers do not recommend FAAS for Bi determination in the case of using only сompressed air as oxidizer, because relatively low temperature of flame results in high detection threshold of Bi concentration [18] . However, for the samples with relatively high Bi concentration, the spectrophotometric [11] and electroanalytical methods [12] have been traditionally used. As a result, guidelines on using FAAS for the Bi determination with сompressed air as the only oxidizer are virtually nonexistent. The analysis of Bi-containing complex oxides by spectrophotometric and electroanalytical methods requires complex sample preparation and separation of Bi from another elements and mineral acids. These operations can be partially ignored if using any kind of FAAS, but crucial information on the optimal measurement conditions and effects of the presence of different metal ions has not been reported yet.
In the present work, the air/acetylene flame AAS was used for Bi determination in complex oxides. The interference studies on how different metal ions (Na + , K + , Mg 2+ , Ca 2+ , Sr 2+ , Ba 2+ , Fe 3+ , Co 2+ , Mn 2+ , Ni 2+ , Pb 2+ , La 3+ , Mo 6+ , V 5+ ) and mineral acids influence the analytical signal of Bi were performed. The different instrumental conditions were optimized. As a result, a series of recommendations for determination of Bi by air/acetylene FAAS was provided.
Experimental
Bismuth standard solution, 500 mg/L, was prepared by dissolution of calcined at 650 °C Bi 2 O 3 in stoichiometric amount of nitric acid. Standards with lower concentrations (10-100 mg/L) used for calibration were prepared from stock solutions by appropriate dilutions with bidistilled water. For studies of influence of concentrated acids, high-purity acids (HCl, H 2 SO 4, HNO 3 ) with concentrations of 0-6 mol/L were used.
For the interference studies, interferent/analyte (mass/mass) ratio was kept at 0.25 to 5.00. Na + , K + , Mg 2+ , Ca 2+ , Sr 2+ , Ba 2+ , Fe 3+ , Co 2+ , Mn 2+ , Ni 2+ , Pb 2+ , La 3+ , Mo 6+ , V 5+ solutions were prepared from their 1000 mg/L stock solution. Stock solutions were prepared from NaNO 3 ,
respectively. All reagents were of analytical grade.
Solaar 6M (Thermo Scientific) atomic absorption spectrometer equipped with a deuterium (D 2 ) background correction system was used for Bi determination. Air-acetylene type flame was used with a burner head of 750 mm. Thermo Scientific brand Bi hollow cathode lamp with an operating current of 9.0 mA was used as a radiation source, at the wavelength of 223.1 nm and with the spectral band pass of 0.5 nm. The type of the analytical signal (average, maximum), measuring time, burner position and gas consumption were optimized during experiments. For the interference characterization, the Absorbance (A) and Relative Absorbance De-crease (RAD) were used. RAD was calculated according to the following equation:
where A 0 is the Absorbance without any interferent and A i -is the Absorbance with an interferent. The methods of standard additions and traditional calibration curve method were used. Calibration and standard addition curves were fitted using linear function and polynomial function in OriginLab software.
The 
Results and discussion
1. Interference studies The concentrated acids are often used for dissolution of Bi-rich containing ceramic samples. Besides, in aqueous samples, some acid is required to avoid hydrolysis and precipitation of bismuth compounds.
To study the effect of acids on the analytical signal of atomic absorption of bismuth, three series of standard solutions were tested, with each sample containing 20 mg/L of bismuth and HCl, H 2 SO 4 or HNO 3 with a concentration in the range from 0.5 to 6 mol/L. It was found that presence of HCl or HNO 3 with the concentration of 0.7 mol/L and more leads to the decrease in absorbance. Namely, RAD (ΔA) is about 1% and more than 1.5% when the concentration of acids is about 0.7 mol/L and more than 2.5 mol/L, respectively (see Fig. 1 ). Similarly, H 2 SO 4 with the concentration of 0.7 mol/L leads to the RAD of about 2.5%. The further increase of sulphuric acid concentration results in a dramatic decrease of absorbance signal (see Fig. 2 ). Thus, using H 2 SO 4 with 5.4 mol/L concentration leads to the reduction in absorbance by half. Probably, it is due to the flame temperature reduction and the formation of stable molecular fragments. That is why the use of sulphuric acid is strongly discouraged for Bi-containing ceramic dissolution, but if it cannot be avoided, the matrix effect must be taken into account.
Bi-containing complex oxide materials can also include several other metals, such as alkali metals, alkaline earth metals, transition metals and some rare-earth metals. In the present work, it was shown that Na, K, Mg, Ca, Sr, Ba, Fe, Co, Mn, Ni, La, and Pb do not affect the absorbance by bismuth (20 mg/L concentration) if the interferent/analyte (mass/mass) ratio is kept at 0.25 to 5.00 (see Fig. 3 ). RAD is less than 2% in the range of interferent concentrations from 5 to 100 mg/L. In the case of V and Mo, the strong matrix effect is observed: as seen in Fig. 4 , RAD is 10-100%.
It can be caused by stabilization of anionic forms of V and Mo ions, such as VO 4 3and MoO 4 2-. As a result, insoluble molybdates and vanadates of bismuth are formed. The precipitates produced consist of colloidal particles; therefore, the turbidity of the solution is not observed, and only a slight colour change can be noticed. The formation of insoluble molybdates and vanadates of bismuth can be avoided by addition of acid, which promotes the destruction of mentioned compounds. For example, the following reactions are possible: (5) In the present work, nitric acid was used to avoid precipitation. We showed that addition of small quantities of nitric acid (total concentration in the sample is 0.05 mol/L) eliminates V-and Mo-related matrix effects, and RAD is not more than 3% in the range of interferent concentrations from 5 to 100 mg/L.
Way of eliminating of matrix effects
In some cases, it is impossible to decrease the acid concentration in the sample or to separate interacting metals that form anions. And in such situations it is convenient to use standard calibration method with calibration blank and standard solutions that include all necessary interferents. However, the use of the standard calibration method is possible only if RAD is relatively constant in the wide range of concentrations of bismuth. In the present work, we showed that RAD is almost concentration-independent in the presence of HCl (4.5 mol/L), HNO 3 (4.5 mol/L), H 2 SO 4 (4.7 mol/L), V (20 mg/L) or Mo (20 mg/L). As a result, correct calibration curves can be plotted (see Fig. 5 ).
Optimized parameters and fitting of calibration curves
Calibration curves were fitted using both linear function and polynomial functions of 2 nd and 3 rd order in Origin-Lab software. The strong correlation with linear function was observed in the range of 0−60 mg/L of bismuth for calibration with an ordinary calibration blank. If the calibration blank is a complex mixture, then this concentration range is to be reduced. If the range of concentration of bismuth in standard solutions is wider than 0−60 mg/L, then 2 nd or 3 rd order polynomial function must be used for fitting, because the linear function gives overestimated values.
The smallest concentration which could be detected by a percent absorption signal of 1% (0.0044 absorbance units) was accepted as a rough measure of performance known as "sensitivity". It is also known as a characteristic concentration with flame AAS or a characteristic mass with furnace AAS [19] . The characteristic concentration can be measured directly, or obtained by calculation from the calibration curve. Instrumental parameters were optimized by finding the maximum values of absorption signal of the senior standard solution and minimization of characteristic concentration. The following parameters were obtained: the lamp current is 75% of maximum, the time of measurement is 4 seconds, the burner positioning is 7 mm high, the fuel consumption (ordinary mixture) is 0.8 L/min. The characteristic concentration calculated for the linear function range (0−60 mg/L of Bi) is 1.24-1.26 mg/L, the characteristic concentration calculated for the polynomial function range (0−100 mg/L of Bi) is 1.40-1.46 mg/L. It means that the error margin of the analysis is about ±0.63 mg/L for the linear function range and about ±0.73 mg/L for the polynomial function range. No significant difference between fitting by 2 nd and 3 rd order polynomials was observed.
If an acceptable error of determined concentration of bismuth is 2% (which, of course, is too much for ordinary chemical analysis, but is acceptable in the case of identification of the complex oxide composition), than the minimal recommended concentration of Bi in the liquid sample is 31-37 mg/L. The standard additions method requires the concentration of a standard addition to be propor-tional to the concentration of an element in the sample. It means that total concentration of bismuth in the sample exceeds 60 mg/L and is out of the linear range. Therefore, the traditional way of using linear functions in standard additions method also overestimates the bismuth concentration in the sample, as described below.
Determination of Bi content in the real complex oxides
The Bi oxides were weighted and dissolved in acids. The sample masses were within certain ranges so as to make the concentration of bismuth of 30-40 mg/L in the final solutions. The obtained samples were analyzed by standard additions method, the concentrations of additions were 20, 40 and 60 mg/L. Linear and 2 nd order polynomial functions were used for fitting the standard addition curve. To check the correctness of the method, the second series of samples was prepared with a control addition (CA) of 10 mg/L of bismuth. Concentrations of bismuth were determined in it in the same way. The difference between the series with the control addition and that without it was denoted as "measured control addition" (MAD). The closer MAD is to 10 ppm, the more correct the method is. The results are given in Table 1 . It can been seen that the measured concentrations, obtained by linear fitting of the curves, overestimate MAD and bismuth concentration in the sample. In opposite, MAD determined with the 2 nd order polynomial function is close to the theoretical one. It clearly shows that using polynomial function gives more accurate values for standard additions method for determination of bismuth by acetylene/air AAS.
The calibration curve method was also tested for determination of bismuth in complex oxides under investigation. These oxides contain interfering elements (Mo, V) and, therefore, an addition of acid was required. However, the complex oxides were dissolved in concentrated acids, so no additional acid was necessary. The concentration of bismuth in the senior standard was 60 mg/L, and the linear fitting function was used. To check the correctness of the method, the second series of samples was prepared with a control addition (CA) of 10 mg/L of bismuth, and, as for the standard additions method, the MAD values were determined. It was shown that MAD is determined correctly and the concentration of bismuth in the samples is consistent with the results obtained by method of standard additions (see Table 2 ). Thus, in the case of complex oxides with low concentrations of interferents, the matrix effects can be eliminated by adding acids only, as was observed for the model solutions in the interference studies described above.
However, the concentration of interfents (Mo, V) in the samples was low (< 10 mg/L), so we introduced additional 20 mg/L of interferents and 0.05 mol/L of nitric acid to observe the interferential effects. In the model solutions, only bismuth and interferent metals were present, and the matrix effects were eliminated successfully by acids only. But the real sample constitutes more complex mixture and, as a result of the matrix effects, we observed underestimated analysis results (see the last column in Table 2 ). Hence, the calibration curve method is correct only at low (< 10 mg/L) concentrations of interferents.
Conclusions
In the present work, the air/acetylene flame atomic absorption spectrometry was shown to be acceptable for bismuth determination in complex oxides. Interference studies demonstrated that vanadium and molybdenum affect the absorbance. It was shown that fitting with polynomial function is more appropriate for standard additions method for determination of bismuth by acetylene/air flame atomic absorption spectrometry. The calibration curve method was shown to be correct only at low (< 10 mg/L) concentration of interferents; at higher concentrations the standard additions method must be used.
